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SUMMARY 


An investigation was carried out in the Langley stability tunnel 
to determine the lift, drag, and pitching-moment characteristics of a 
» family of annular airfoils. The five annular airfoils had equal pro- 

jected areas but had varying chords and diameters which covered aspect 
ratios of 1/3, 2/3, 1.0, 1.5, and 3.0. 

The results showed that the effects of aspect ratio on the 
aerodynamic -center location were similar for annular and unswept air- 
foils and that annular airfoils had larger maximum lift-drag ratios 
below an aspect ratio of 2.4 than did plane rectangular airfoils with 
faired tips. The lift-curve slope was twice the lift-curve slope for 
a plane unswept airfoil of the same aspect ratio, and the induced drag 
coefficient was one-haLf the induced drag coefficient of an elliptic 
airfoil. The characteristics of the flow in the wake of the annular 
airfoils having lower aspect ratios (l/ 3 > 2/3, and 1 . 0 ) were similar to 
the wake characteristics of low-aspect-ratio or highly swept airfoils. 


INTRODUCTION 


Considerable interest has been shown recently in the aerodynamic 
characteristics of annular airfoils and the application of the annular 
airfoil as the primary lifting surface to such configurations as vertical- 
take-off aircraft (refs. 1 and 2) and one-man vertically rising aircraft 
(ref. 3). 

Reference 4 presents low-speed static-longitudinal-stability data 
for annular airfoils of aspect ratios I.56 and 2.5 (the aspect ratio is 
equal to the diameter divided by the chord) . Lift-coefficient data are 
also presented for a wing-body combination with annular airfoils of 
aspect ratios I.56 and 2.5 at supersonic speeds. Additional low-speed 
♦ data are available in reference 3 on an annular shroud (annular wing 

with flat-plate section) of aspect ratio 1 . 47 . However, aerodynamic 
data on annular airfoils of very low aspect ratios (1/3, 2/3, and 1.0), 
as well as data for an aspect ratio of appear to be lacking. 
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Therefore, the purpose of this investigation was to provide data on 
the low-speed static longitudinal stability characteristics of a family 
of annular airfoils that covered a wider range of aspect ratios than those 
found in references 3 and 4 . The family of annular airfoils tested in 
this investigation had equal projected areas, hut varying chords and. 
diameters. The variation of chords and diameters covered aspect ratios 

of 1/3, 2/3, 1.0, 1.5, and 3.0. 

SYMBOLS AND COEFFICIENTS 


The data presented herein are referred to the system of axes shown 
in figure 1 . The forces and moments were measured at and about the 
quarter-chord (fig. 2 ) . The symbols and coefficients are defined as 
follows : 
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aspect ratio, d/c 

projected area of annular airfoil, dc, sq ft 
inner diameter, ft 

chord parallel to center line of annular airfoil, ft 
dynamic pressure, | V 2 , lb/sq ft 
mass density of air, slugs /cu ft 
airspeed, ft/sec 

angle of attack of center line of annular airfoil, deg 
lift coefficient, Lift/qS 
drag coefficient, Drag/qS 
drag coefficient at a = 0° 

pitching-moment coefficient, Pitching moment /qSc 
lift-curve slope per degree 

section lift-curve slope, per radian 

location of center of pressure in percent chord from leading 
edge 
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x &c location of aerodynamic center in percent chord from leading 

edge 

L/D lift-drag ratio 

x tuft-grid position downstream of wing trailing edge, in. 


MODELS AND APPARATUS 


The models used in this investigation were constructed of laminated 
mahogany and consisted of five annular airfoils having equal projected 
areas (S = Diameter x Chord), but varying chords and diameters (fig. 2). 

The variation of chords and diameters covered aspect ratios of l/3, 2 / 3 , 
1.0, 1.5, and 3.0. The annular airfoils had Clark Y airfoil sections 
with a maximum thickness ratio of 0 . 117 - 

The tests of this investigation were made in the 6 - by 6 -foot test 
section of the Langley stability tunnel. For the force tests, the models 
were mounted on a single support strut which was rigidly attached to a 
six-component electromechanical balance system. The height of the support 
strut was varied in order to mount the center lines of the various models 
on the center of the balance system. All the models were mounted at their 
respective quarter-chord points. For the tuft-grid tests, the models were 
mounted on a horizontal wire and held at the desired angle of attack by 
additional wires attached to the leading and trailing edges of the airfoil. 


TESTS 


The force tests were made at a dynamic pressure of 24.9 pounds per 

square foot, which corresponds to a Mach number of 0.13- The Reynolds 

numbers based on the respective chords of each annular airfoil varied 
(. r g 

from 0.704 X 10 to 2.11 x 10 . The models were tested throughout an 
angle-of -attack range from about -4° to 9 O 0 . Additional tests were made 
with a tuft grid located in two positions. The initial position was as 
close as was practical ( 1.5 to 6.0 inches) behind the trailing edge, and 
the second position was 24 inches downstream from the initial position. 
For the tuft-grid tests the models were placed at an angle of attack 
approximately 4 ° below the stall for each airfoil, and the tests were 
made at a dynamic pressure of 8 pounds per square foot. 
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CORRECTIONS 


Approximate jet-boundary corrections (ref. 5) were applied to the 
angle of attack and to the drag coefficient. Blockage corrections were 
considered to be negligible and hence were not applied. Tare corrections 
for the support-strut interference were determined for each model and 
applied to the data. 


RESULTS AND DISCUSSION 


The basic data of this investigation are presented as the variation 
of Cl, Cp, and C m with a in figures 4 to 6 . Each figure covers the 
range of aspect ratios. The lift-coefficient data for the smallest 
aspect ratios did not show the characteristic nonlinearity of low-aspect- 
ratio rectangular wings below the stall. For aspect ratios of 1.5 and 3.O 
the abruptness of the force break agreed well with the data of refer- 
ence 6 for the wings with the faired tips. For aspect ratios below 1 - 5 , 
however, the force break was fairly smooth with none of the sharp losses 
of lift above 45 ° and 50° shown in reference 6 for aspect ratios of 0.90 
and O.65, respectively. 

The pitching-moment data were used to determine the center-of- 
pressure locations for each angle of attack, and this information is 
presented in figure 7. For all airfoils except the one having the lowest 
aspect ratio (1/3) , the center of pressure was fairly constant throughout 
most of the unstalled angle-of -attack range. At the stall, the center of 
pressure moved to a more rearward position that also remained nearly con- 
stant throughout the remainder of the angle -of -attack range. For the 
airfoil having an aspect ratio of l/ 3 , however, the center of pressure 
shifted rearward with increasing angle of attack (similar to the center- 
of -pressure movement on a slender body of revolution) throughout the 
angle-of -attack range. The flow about the annular airfoils having very 
low aspect ratios appears to have some of the characteristics of the flow 
about inclined solid bodies of revolution. (See ref. 7.) 

Figure 8 shows the location of the aerodynamic center of the annular 
airfoil measured at angles of attack between 0 ° and 10 ° as a function of 
aspect ratio. The aerodynamic center moves rearward with increase in 
aspect ratio. In this respect, the effects of aspect ratio on the aero- 
dynamic center are similar to the effects of aspect ratio on the aero- 
dynamic center for a plane wing (ref. 8 ) . The aerodynamic center of the 
annular airfoil having an aspect ratio of l /3 is located ahead of the 
wing leading edge. This annular airfoil is more like a slender body of 
revolution (similar to a fuselage) than any of the annular airfoils having 
higher aspect ratios and would thus be expected to exhibit the unstable 
pitching-moment characteristics as well as the low lift of slender bodies 
of revolution. 
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Figure 9 shows lift-drag ratio plotted against angle of attack. The 
curves are nearly alike for all wings at angles of attack above 35° • At 
angles of attack between 0° and 35°, however, the curves become flatter 
with decrease in aspect ratio, but the peaks of the curves are not so 
rounded and smooth as the curves of L/D of reference 6 for the wings 
with the faired tips. These sharp peaks may indicate a more unstable 
aerodynamic condition near the stall for the annular airfoils than for 
low-aspect-ratio wings. Figure 10 is a comparison of the maximum values 
of L/D obtained for the annular airfoils and the maximum values of L/D 
obtained for the faired-tip airfoils of reference 6. The annular airfoils 
have larger values of maximum L/D and hence smaller minimum glide angles 
below an aspect ratio of 2.4 than the plane faired-tip airfoils of 
reference 6. 

Figure 11 presents a comparison of the experimental and calculated 
lift-curve slopes. Lift-curve slopes (curve A) estimated by the high- 
aspect-ratio theory of reference 9 in which the experimental section- 
lift-curve slope (ref. 10) was used instead of 2jt are in good agreement 
with the experimental lift -curve slopes for aspect ratios above 2.4. This 
result was obtained by the application of lifting- line theory to the 
annular airfoil problem. The lift-curve slopes (curve B) calculated by 
the low-aspect-ratio annular-airfoil theory of reference 9 are in good 
agreement with the experimental lift-curve slopes for aspect ratios less 
than 1. 

Reference 9 also indicated as a general conclusion that the lift of 
an annular airfoil is twice the lift of an elliptic flat plate that spans 
the diameter and has one— quarter the area of the annular airfoil. The 
result obtained by applying this conclusion and using accurate theoretical 
values for the lift of an elliptic wing obtained from reference 8 rather 
than using lifting- line theory as a basis is shown by curve C of figure 11. 
This procedure gives good agreement with the experimental results through- 
out the aspect-ratio range of these tests. 

Curve D of figure 11 represents the lift-curve slopes obtained by 
simply doubling the lift-curve slope of a rectangular plane wing (ref. 8) 
that spans the diameter of the annular airfoil. The agreement between 
this result and experiment is also good. 

Reference 4 indicates that the induced drag coefficient of an annular 
airfoil can be computed from Cl 2 /2*A, which is one-half the induced drag 
of an elliptic wing. The use of this result as a basis for calculating 
the induced drag coefficient from the lift coefficients gave values that 
were in good agreement with the experimental values (fig. 12) . 

The tuft-grid photographs of the wake characteristics at two posi- 
tions behind the annular airfoils are presented in figure 13. In general. 
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the photographs show that the flow characteristics behind the annular 
airfoils having lower aspect ratios (1/3, 2/3, and 1.0) were similar in 
nature to the flow characteristics behind low-aspect -ratio or highly- 
swept plane airfoils (ref. 11) . Two vortices can be seen to emanate 
from the trailing edge of the annular airfoil and move downstream in a 
manner similar to the vortices shed from a plane airfoil. There is some 
lateral inward movement as well as a distinct downward movement of the 
vortices as they move on downstream in a manner similar to the vortices 
shed by highly swept wings. At the higher aspect ratios (1.5 and- 3*0), 
the vortices appear to move very little if any laterally or downward as 
they pass on downstream in a manner very similar to the vortices shed 
by unswept wings (ref. 11). The presence of a distributed vortex sheet 
may be noted for the close position of the tuft grid. This sheet rolls 
up into two discrete vortices by the time that the wake reaches the 
rearmost positions. 


CONCLUSIONS 
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The results of an investigation made in the Langley stability tunnel 
to determine the aerodynamic characteristics of a family of annular air- 
foils indicated the following conclusions: 

1. The effects of aspect ratio on the aerodynamic-center location of 
the annular airfoil were similar to the effects of aspect ratio on the 
aerodynamic -center location for a plane unswept airfoil. 

2. The annular airfoils had larger maximum lift-drag ratios below 
an aspect ratio of 2.4 than did plane unswept airfoils with faired tips. 

3. The lift-curve slopes of the annular airfoils were approximately 
twice the lift-curve slopes for a plane rectangular airfoil having the 
same aspect ratio. 

4. The induced drag coefficient of the annular airfoil was one-half 
the induced drag coefficient of an elliptic airfoil. 
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5 . For the annular airfoils having lower aspect ratios (l/3, 2/3> 
and 1.0) the flow characteristics in the wake were similar in nature to 
the flow characteristics in the wake of low-aspect -ratio or highly swept 
plane wings. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., July 11, 1957* 
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Figure 1.- System of axes employed in annular airfoil tests. Arrows indicate positive direc- 
tions of forces, moments, and displacements. 
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Figure 2.- Models used in investigation. 
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Angle of attack, OC, deg 

Figure 4.- Variation of lift coefficient with angle of attack for 

various aspect ratios. 
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Figure 5 .- Variation of drag coefficient with angle of attack for 

various aspect ratios. 
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> A = 1.5 
V A = 3.0 



Angle of attack, OC, deg 

Figure 6.- Variation of pitching-moment coefficient with angle of attack for various aspect 

ratios. 
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Figure J.- Variation of center-of -pressure location with angle of attack for various aspect 

ratios . 
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Figure 8.- Variation of* aerodynamic-center location with aspect ratio. 
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9.- Variation of lift-drag ratio with angle of attack for various aspect ratios. 
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Figure 10.- Variation of maximum lift-drag ratio with aspect ratio. 
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Figure 11.- Comparison of theoretical and experimental lift-curve slopes 

as function of aspect ratio. 
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Figure 12.- Comparison of experimental and calculated drag polars for 

various ‘aspect ratios. 
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x = 3*5 X = 27.5 

(a) A = 1/3; a = 19.5°. l-57-2708 

Figure 13.- Tuft-grid photographs of flow behind various wings. 
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Figure 13. - Continued. 






(c) A = 1.0; a = 13.5°. 


Figure 13.- Continued. 
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Figure 13 .- Concluded. 




